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Abstract—Modeling protection devices in the Transient Sta-
bility Assessment (TSA) of power systems results in an accu-
rate estimation of system stability and behaviour. Miscoordi-
nation/misoperations of the relays and circuit breakers (CBs)
result in higher order contingencies, > N — 1. Substation
(SS) configurations and associated CB operations are usually
ignored in TSA, even though the relays are modeled in detail.
Replicating such scenarios needs manual fabrications in Bus-
Branch (BB) models used in commercial TSA tools, which can be
eliminated using Node-Breaker (NB) models. Also, incorporating
relay algorithms, including the realistic CB operations and
coordinating their timings, increases the complexity of the TSA
code for large systems. The development of TSA tools to simulate
the practical operation of CBs due to protective relay decisions
similar to the physical substation operation is essential. This
paper attempts in this direction. This paper uses a systematic
approach to convert BB models to NB models. The Sparse
Tableau Approach (STA) is used to represent the system in the
NB model. It provides an algorithmic approach for automatically
placing differential, distance and under/over frequency relays. It
also gives programming logic to coordinate the timings between
relays and the associated CBs. The program complexity increases
with the size of the system as the number of CBs and the
associated timers significantly increase based on the station
configuration. The simulation results demonstrate the scalability
and effectiveness of the proposed framework for the WECC 9
bus, New England 39 bus, and Polish 2383 bus systems. The
WECC 9 bus system results are compared and validated with
the commercial software PSS®E.

Index Terms—Sparse Tableau Approach, Node-Breaker, Tran-
sient Stability Simulation, Relay Time Coordination

I. LIST OF ABBREVIATIONS

Ng¢ Number of stations
NSe

Ngp  Total number of shunt elements

Total number of series elements

Ng, Total number of source elements
NE® Total number of elements except circuit breakers in a station
Nele

hode Total number of elements connected to a node

N'Re Total number of lines in the system
N30 Total number of transformers in the system
NBodes (k) Total number of cummulative nodes till k** station

NEPY Number of physical buses in a station

N;ﬁ"‘N Number of intermediate nodes created
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II. INTRODUCTION

Evaluation of the power system after a major disturbance
depends on the interaction between the protection system and
dynamics governed by generators, loads and control devices
[1]. Misoperation of the protection system or incorrect setting
can lead to blackouts [2], [3]. In most of the literature,
protective actions in dynamic simulations are mimicked by
applying the fault for a very short duration, assuming that the
protection system clears the fault. This completely neglects
the CB operations and their timings, which pose significant
challenges in interpreting the sequence of events records when
replicating a blackout scenario during postmortem analysis
using TSA tools, even though they model relay algorithms
[4]. Hence, modeling detailed station configurations, including
protection algorithms and associated CB operations in stability
simulations, would result in high-fidelity simulations capable
of replicating practical operating scenarios.

Relay settings based on NERC standards augmented with
generic protection relay models to show the impact of pro-
tection devices in dynamic simulations are shown in [2].
In [5], modeling of the protection system in time domain
simulation is performed with a method to determine the
location of the mis-operating relays at the planning phase. A
three-layered model for protective relays is proposed in [6],
allowing easy involvement of accurate dynamics. A method
to represent protective relay models in stability simulations
with inverter based resources (IBRs) is proposed in [7]. This
literature proves the importance of modeling relays in transient
simulation, albeit modeling all the protection devices in TSA
and representing and maintaining protection system data is
considered an intractable task [8], [9]. Hence, a systematic
method to determine essential relays to be modeled in transient
stability studies is presented in [8]. An iterative algorithm
that uses (i) apparent impedance monitoring, and (ii) the
minimum voltage evaluation (MVE) for identifying critical
distance relays in dynamic simulation is proposed in [9].
Moreover, in literature all the relay assessments in dynamic
simulations are performed on Bus-Branch (BB) models, which
limits the substation level analyses. In [10], various utilities
have mentioned the importance of NB models in simulations
and their inclusion in various software packages. For example,
in a substation, if a CB fails to open after the relay trip
command within a specified time (typically CB operating time
of 1.5 to 3 cycles), a breaker failure protection (BFP) will act.

23rd Power Systems Computation Conference

PSCC 2024

Paris, France — June 4 — 7, 2024




Depending on the substation configuration, the BFP can lead
to additional elements tripping and delay in clearing the fault.
Similarly, a busbar relay clearing a fault in a substation with
a breaker and half scheme differs from a main and transfer
scheme. In the former case, bus-splitting will happen; in the
latter case, all the substation elements will be tripped. To
create such realistic scenarios and study their impacts, one
must understand the end effect of these scenarios and make
suitable modifications to the Y-Bus matrix in the existing
commercial TSA tools. This is because these tools do not
explicitly model the CBs and their timing, even though they
take station configurations as input [10].

In [11]-[14], the importance of considering breaker failures
for system reliability assessment has been addressed. Neural
networks are employed to model the protection systems in
[11], dealing with the uncertainties involved with relay and
circuit-breaker operation messages to identify fault sections af-
ter contingencies. Two types of protection failures, undesired-
tripping mode and fail-to-operate mode, and their impact
on reliability modeling are discussed in [12]. In [13], an
event-based dual-timer BFP scheme is implemented with an
additional signal depending on the distance of the multi-
phase fault from the busbars of the power plant for transient
stability simulations. A study in [14] proposes a generalized
analytical methodology to identify the failure events due to
the stuck breaker condition through search algorithms and re-
peated matrix operations. In [15], the importance of using NB
models for steady state cascade analysis has been examined
for a practical system to meet regulatory compliance. In [16],
NB modeling for optimal power flow using Sparse Tableau
Approach (STA) was proposed. In [17], we have proposed
NB model for Transient Stability Analysis (TSA) using STA
for the first time in the literature. However, the relay and CB

Time Domain Simulation

timings coordination is not included.

Existing TSA tools have limitations to accommodate all the
above facilities at once. Typically, utilities possess the NB data
of their network in the Energy Management System (EMS) in
CIM format. EMS platforms convert the NB model to the BB
Model via Network Topology Processing (NTP) [15] which is
further used by other analysis tools in EMS. However, these
converted BB models are not accessible directly to external
TSA tools. A compatible CIM file or custom data files in NB
format must be manually created for NB models to be used
in TSA tools. However, as they use Y-Bus/ power flow-based
network solutions, they can only mimic the end effect of CB
operations in a station due to relay decisions. Moreover, most
test systems used in TSA by researchers today are available
as BB models only. So, creating an NB model from a BB
model in an automated manner is essential. In [18], we have
proposed an algorithmic approach to convert BB models to
NB models for different types of station configurations.

Developing a generalized transient stability program includ-
ing conversion of BB model to NB model, populating all the
relays automatically, associating the CBs with the relays and
coordinating the timings for large systems to replicate the
practical scenarios is a non-trivial task [15]. The following
are the contributions of the paper to address the limitations of
existing TSA tools.

o A unified framework based on the methods proposed in
[17], [18] and discussion on the programmatic approaches
to automatically populate relays (distance relays, dif-
ferential relays and under/over frequency relays), CBs
associated with each relay and timers of the relays and
CBs in time domain simulation for TSA.

o Systematic approach for time coordination between the
simulation time step, protective relays trip time in differ-

; Gives node number
[ €—> connected to the relay
and CBs asmcizited with the relay

1
1 1 1
1 1 1
1 1 1 1
1 1 1 1
1 My = M3 | ! ' Algo 1 (87BB) 1
; Governor & t=t+dt i Relay f Protection |
] f ‘ . Algo 2 (21L/87T) S
1| Turbine Equation ! Measurement : Device
: I processor ' Algo 3 (81L/81G) Module |
1 \ Al Y. N Ry W—— !
: Excitation Synch Machine Stator & Torque Network Equation :
1 |System Equation Equation Equation Mgrp X =1 1
1
; '
__________________________________________________ 1
pemmemm T e "
1
Two port Element| ! 0 (U ' Node Data
Element AB.CD o\ iv Generator— Mgrp = |-AT 1 0] (Table V)
parameters (Fv, Fi) [12] ' :
2 : 0 F, F], o/p files
A=[Age Ap,] processing
ripSyiviviy| yiySplpiytyiptplplyiplplylipips
Nat, Nse, Nou, Nso | 1 o/p file 4
MATPOWER Data Pre FptEpafig | 0. | Algo 1 (Ap,) [16] I > | Algo 3 [16] P
Case Run Processor i/p file 1 o/p file 1a/1b
1 Py pyitmN arele
i/p file 2 T e o/p file 2
Station !
Configuration file ip file 3 _:_>| Algo 2 (Ago) [16] —>]Algo 4 [16] ofp file 3

BB to NB Conversion

Fig. 1: Node Breaker Model Based Transient Stability Simulation including Protective Devices
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ent zones and their associated CBs operating time.

o A comparison of the results and execution time using the
proposed framework for WECC 9 bus system with the
commercial software PSS®E.

« Simulation results showcasing the flexibility and scalabil-
ity of the framework on the New England 39 bus system
and the Polish 2383 bus system.

The proposed framework will help in new commercial TSA
tools development which will alleviate the manual diligence
required for creating practical cascade scenarios due to relay
and CB operations in substations.

III. PROPOSED SIMULATION FRAMEWORK

This section explains the proposed simulation framework,
from data preparation to time domain simulation. Fig. 1
describes the framework in form of a block diagram. The
proposed approach shown in Fig.1 builds the NB model of
the system in the form of Sparse Tableau, which allows the
modeling of CB operations that occur due to relay decisions
realistically. In this paper, we use the methodology proposed in
[18] for BB to NB model conversion, as shown in Fig.1. The
test system data is taken from MATPOWER in BB format. A
CIM interface can also be used here. After processing this BB
data, input files containing series, shunt and source elements
data, as shown in Table I - Table III, will be generated. Using
these input files, Algorithms 1-4 in [18] create the output data
files in NB format, as shown in Table IV.

For the time domain simulations, the network equations
of the NB model are represented in the form of Sparse
Tableau (Mgtr). In this approach, each element is considered
a linear two port element and can be represented by its ABCD
parameters as follows

Fy

—— ——
7A1 Va + 0 B] ia _ 0
—Ci| v 1 D |in| —

o

CBs as a t\%o port element can beFrepresented as

F

6]

v 1 CB )

T -7 Va -7 TX res Ta

[0 0:||:Ub:|+|:7' 1 :||:’L'b:|:O @
where, 7 = 1 and 7 = 0, represent the closed and open
positions of circuit breaker respectively and C' B, is the CB
resistance (we use le-6 pu). These element level F, and Fj
are constituted together to form system level Fy, and Fj.
Formation of Fy and Fy are given in [17]. Matrix A is the
incidence matrix, which can be further divided into A, and
Agle, where Ay, is the Node to CB incidence matrix and
Aqle is the Node to Element incidence matrix. Algorithm
I and Algorithm 2 in [18] give Ay, and Ae. The system

is represented via KVL and KCL equations. Hence, all the
system equations can be constituted in the form of :

0 0 A \%4 1
Mgrp = |-AT 1 0|:;X=|v]|:;I=]0 3)
0 Fy I1 ) 0

In transient stability simulation, Mgrr X = I is solved
to give X. Here, I is the current injection vector, and X is
a vector containing node voltages and voltages and currents
at each port of elements. The resultant vector X is sent to
the Protective Devices module. This module’s structure and
functioning are described in detail in the next section. The
relay algorithm processes the measurements and trips CBs, if
any. The change in relay status is reflected via changing the
corresponding F}, and Fj entries as shown in (2) in Mgt in
the next time loop.

TABLE I:

MATPOWER Bus Number

Input file 1 format

NsSth ‘ NSSto

Configuration ‘ N, Ef

TABLE II: Input file 2 format
MATPOWER Configuration Indexes Indexes Indexes of
Bus Number of  Series of  Shunt Source El-
Element Element ement con-
connected connected nected

TABLE III: Input file 3 format

Series Element Index | MATPOWER Fom Bus | MATPOWER To Bus

TABLE IV: NB Data file format

Filela Line; From From Station To To Station
Node Node
Filelb Trafo; | From From Station To To Station
Node Node
File2 Load; Node Station
File3 Gen; Node Station
File4 CBn From To Node Station
Node
TABLE V: Node Data
Node Total Elements n.eleType(1) n.eleType(NﬁLCdc)
Numb Connected
umber() (n.N:}fde) n.eleNo(1) n.eleNo(Nﬁffde)
Line Trafo
® Nodes
B1
- Physical
bus
Load Gen
Fig. 2: Substation in Node-Breaker model with Breaker and Half

configuration

A. Automatic Placement of Relays in Network

An NB model for a substation with Breaker and Half (BAH)
configuration is shown in Fig. 2. The final output of the
algorithms in [18] gives NB data as in Table. IV. Flilela
and F'ile1b contains information about all the lines and
transformers (series elements), F'ile2 contains information
about loads (shunt elements), and F'ile 3 contains information
about the generators (source elements). The connecting nodes
of all the CBs in the network are stored in F'ile 4. After the NB
model of the network is developed, the NB data is presented
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Algorithm 1: Busbar differential relays (Rs7pB)

1: Assume: N;’u"l‘iSS(O) =0;

2! rpum < 1; // index for relay number
3: for i = 1:Ng do

4 forj=1:NE™ do

5: CBpum < 0 // index that stores associated CB
number to relay
6: Rg7BB (Taum)-Node + (N2°des(; _ 1) 4 4) // physical

buses in a station are numbered first

7: for k = 1:R37BB(rm,,,,).Node.Nf;lfde do

8: if Rs7BB (Thum )-Node.eleType(k) == CB then

9: CBuum < CBnum+l

10: Rg7BB (Tnum).-CB(CBnum)
Rs7BB (Tnum).Node.eleNo(k) // CB number is
associated to relay

11: end if

12: end for

13: Rg7BB (Tnum)-CBiotal <= CBnum

14: Tnum 4 Tnum + 1

15: end for

16: end for

Algorithm 2: Line Distance Relays (R211,)/ Trans-
former differential relays (Rg7T)

1D rpum < 1
For Rgy, replace line—trafo & Ra11,— Rg7T
2: for line=1:N'"¢ do
3: Ro11, (Tnum)-Node < line.FromNode
4 Rs71(Thum ). Nodel < trafo.ToNode // skip for Roir
5: Ro1r, (Tnum + 1).Node + line.ToNode // skip for Rgrr
6: CBpum < 0
7:  for k = liline. FromNode. N2, do
8 if line. FromNode.eleType(k) == CB then
9 CBnum + CBpum+1
Ro11 (Tnum )-CB(C Bpum)  line.FromNode.eleNo(k)
11: end if
end for
13: R21n(Tnum)-CBtotal <= CBuum // skip for Rgrr
Tnum 4 Tnum + 1 // skip for R87T
15: CBpum < 0 // skip for Rgrr

16:  for k = 1:line.ToNode.N°'%, do

17: if line.ToNode.eleType(k) == CB then

18: CBpum + CBpum+l1

19: R21L(Tnum )-CB(CBpum) + line.ToNode.eleNo(k)
// consecutive relay for pilot protection
only for Rait,

20: end if

21: end for

22: R21L(Tnuxn)*CBtotal < CBnum

23:  Thum 4 Tnum + 1

24: end for

in the format shown in Table IV. Using this data, relays can be
placed for elements in network. All the data in File(1)-(4) is
stored in arrays. The given data form a new vector of structures
that stores node information as given in Table V. Here, n is the
node number in the system, n.NC, gives the total number
of elements (CB/line/trafo/load/generator) connected to node
n. The members n.eleType(k) and n.eleNo(k) give element
type and element number of the £*" element connected to the
node.

For this paper we have considered differential relays for
busbars, distance relays with Mho characteristics for lines,
differential relays for transformers and under/over frequency
relays for load/generator. Since these relays protect all the
components, other relays are not considered. Although any
other relay functions can be employed. Relay information
is stored in arrays denoted via ANSI code for each type
of relay. For example, Rg7pB, 211, 7T, Rsin, Rgig are

Algorithm 3: Load Frequency Relays (Rsi1,)/ Gener-
ator Frequency Relays (Rg1c)

I 7hum 1
For Rgig, replace load—gen & Rgi1,— Rsic
2: for load=1:N"'°2d do

3: Rs1L(Tnum ). Node «+ load.Node

4: CBpum + 0

5:  for k = l:load.Node. NS5, do

6: if load.Node.eleType == CB then

7. CBpum + CBnum+l

8: Rs11 (Tnum ). CB(C Bnum) < load.Node.eleNo(k)
9: end if

10: end for

11: R81L(""num)~CBtota1 < CBnum
12: 7pum 4 Toum +1
13: end for

the relay arrays that store information of busbar differential,
distance, transformer differential, under and over frequency
relays respectively. The length of an array Rx is N* where X
is the ANSI code. Each element of the array is a structure. For
example, Rg7pp (k) is the structure for k' differential relay.
Rg7eB(k).Node stores the node number of busbar protected,
Rg78B(k).CBiotal stores total number of CBs connected to
the node and Rgrpp(k).CB(i) ... Rsrep(k).CB(C Biotal)
stores CB numbers that are associated with the relay. The same
convention is used for other relays Raoi1, Rsir, and Rgig.
Algorithms are provided for the placement of relays in the
system. Placement of relays means storing relay number, type,
element it is protecting and the CBs associated with it. The
key idea behind algorithms is to identify the node to which
the element to be protected is connected from Table V. Each
element connected to that node is spawned. If it is a CB,
the CB number is stored as one of the associated CBs to the
relay protecting the element. Then, same is repeated for next
element with an incremented relay number. The algorithms
provided in this paper currently populate 3 types of relays
automatically in the following manner:

« Differential relays for busbars are populated bus number-
wise using Algorithm-1.

« Distance relays for lines and differential relays for trans-
formers are populated line/transformer number-wise us-
ing Algorithm-2.

o Frequency relays are populated load/generator number-
wise using Algorithm-3.

Algorithm-1 shows the steps for placement of differential
relays for busbar protection in the network. The first consec-
utive node numbers in each station are assigned to physical
buses in the node data (Table V). Each busbar differential
relay is associated to these physical buses in the Algorithm;
step 6. All the CBs connected to the nodes are associated
to the relays in step 10. Algorithm-2 shows the steps for
placement of distance relays and differential relays for lines
and transformers connected at each station in the network.
Here, the relays associated with the two ends of the line
are consecutively numbered; see steps 3 and 5. This gives
flexibility in identifying the CBs that should be tripped for
pilot protection. The CBs connected to the FromNode and
ToNode are associated with the respective relays in steps 10
and 19 respectively. The same logic can be used to place
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Irel =Irel + 1

Is Z<7)?

! Yes
\RTS

=05 Yes

RTS =4

RTS =5 |

[RTs=4] [Tr=Tgr+dt]

Is TR =tz2?

RTS
=04

1
[TR=TR+dt]E

Yes

- No Is icp =
Is T(icp) = tcB? > . 5
Ro11(ire)-CBtotal ?

i (RTS =35

Open Ry (ire)-CB(icp) &

Ra11(iret+/-1)-CB(icp)
(Pilot protection)

RTS =1

Circuit Breaker Operation ] @
»Is RTS=1|| 2 || 3? 1 Yes
Yes No |
N2l o >
____________ Get associated CBs with I Is ire] AN 4
! R1p(irel) No | ¢
. (Ra11.(ire)-CBtotal) '
. \ n=1
'
[ for icp = Ry1 (ire))-CB(n) ]4 pE———
T(icp) = T(icp)* dt 1 No | | Yes
'
'
'

!
i
Zone 1 . Zone 2 Zone 3
operation . operation operation Reset

SR Z— 2N 2 2 2R 22—
RTS: Relay Trip Signal Initial values: tz1: Zone 1 trip time Z: Measured impedance  prs.
TR: Relay Timer RTS=0,Tg=0 tz2: Zone 2 trip time Z1: Zone 1 impedance 0: Set/Reset
T(icp): i™ CB Timer T(icg) =0,ire1= 1 tz3: Zone 3 trip time ~ Z2: Zone 2 impedance 1: Tripped in Zone 1
dt : simulation time step n=1 tcp: CB operating time  Z3: Zone 3 impedance 2: Tripped in Zone 2

3: Tripped in Zone 3

4: Detected fault in Zone 2
5: Detected fault in Zone 3
6: Tripped and CBs open

Fig. 3: Simulation Time Coordination between different Zones of Distance Relay and associated Circuit Breakers

differential relays for transformers by replacing the term line
with frafo and associating both ends to a single relay. Step
4 can be performed instead of step 5 and steps 12,13 and
14 can be skipped. Algorithm-3 gives placement of frequency
relays for all loads in the same way. The same algorithm is
used for placing relays for generators. Any backup protection
relays for any element can also be placed similarly. Once the
relays are placed, the relay settings can be calculated based on
differential characteristics [19] for Rg7gg, M ho characteristics
and adjacent line impedances for Rsi1, [20] and frequency
settings for Rgi1,/q [21].

B. Relay and Circuit Breaker Trip-Time Coordination

This section provides the framework for time coordination
between relays and CBs in simulation. In simulation, the
network solutions give voltages at each node and current at
each port (MstrX = I). These node voltages and current
measurements are further processed to give two arrays Vy and
Iy respectively. Vg stores voltage measurements for relays that
require voltage as an input. Iy stores current measurements for
relays that require current as an input. Since the identification
number for the relays is already assigned via Algorithm 1-3,
the relay measurements are arranged in the following form, so
that it is easier to send arrays to the respective relay functions:

Irg7BB
VRa21L e,
VR=|VrsiL | ;Ir = I
V R81L
R81G I
R81G

Each section of Vi and I is sent to respective relay
algorithms sequentially (Fig. 1). For a particular time loop,
Vr and Iy will be same for any relay, hence the sequence of
relays does not matter. In implementation, we have considered
sequence Differential — Distance — Under/Overfrequency.
The differential and frequency relays are definite time relays.

The distance relays have different zones of operation and trip
times.

Fig. 3 shows time coordination between different zones of
a distance relay and its associated CBs. The logic starts with
the first distance relay and calculates measured impedance Z
from corresponding entrance in Vs and Igo;. First, it checks
if Z comes inside Zone 1 impedance circle. If true, it trips the
relay instantaneously updating Relay Trip Signal (RTS) to 1
and starts the CB timer. If false, it checks if Z comes inside
Zone 2 impedance circle. If it comes in this zone and the relay
has already detected fault in Zone 3 (RTS=5) or not detected
at all (RTS=0) in previous time step, the relay updates RTS
to 4 i.e. in Zone?2. If the relay has already detected fault
in Zone?2, it increments the relay timer 7y with one time
step and checks if it is equal to Zone?2 timer tyzo. If Ty =
tzo, it trips the relay in Zone2, updates RTS=2 and starts
the CB timer. If Z does not come inside Zone2 as well, it
is checked for Zone3. If the relay has already detected a
Zone?2 fault or nothing in previous time loop then RTS is
updated to 5, i.e. detects fault in Zone3. If the relay has
already detected a Zone 3 fault then it simply increments Tx
with one time step. If TR reaches Zone 3 timer then RTS is
updated to 3, i.e. relay is tripped and the CB timer starts. If
Z is out of all the impedance circles at any time loop, the CB
timer, relay timer and RTS are set to 0. This part of the logic
is depicted in the left portion of Fig.3 i.e. Relay Operation.
This part is identical for both the Y-Bus and Sparse Tableau
based approaches. In Y-Bus approach each relay is considered
to have only two hypothetical CBs with a common timer to
open/close at both ends. An average delay is added to account
for the CB opening time before modifying the Y-Bus. Timing
coordination program is trivial in Y-Bus approach.

In the proposed approach we explicitly model the CB op-
erations and detailed station configurations. The CB operation
is achieved in the network matrix (Mgtr) by changing the
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TABLE VI: Relay Models considered in PSS®E

timer of 0.26667s and Zone 3 timer of 0.5s and Zonel as

instantaneous. We also used a fixed time delay of 0.05s (3

cycles) to account for the finite CB opening time after the trip
command is issued.

For each case, the substation diagram for the concerned
substations are provided with relay location assigned by al-

Relay Characteristic | Attributes
Distance Mho Zone 1/2/3 pick-up time, Zone 1/2/3
reach, Zone 1/2/3 center line angle, Zone
1/2/3 centre distance, self/transfer trip
breaker time, self/transfer trip reclosure
time
Load Under- first load shed point (Hz), first point
frequency pick up time, first fraction of load shed,
load shed Breaker time

gorithms discussed in Section III-A. In substation diagrams,
differential relays are denoted by D f and distance relays are
denoted by Ds. To keep the diagrams simple and under-

corresponding F,, and F;j entries. The time coordination is
essential between transient simulation time step, relay oper-
ating time and their associated CBs operation time. The right
part of Fig. 3 i.e. Circuit Breaker Operation gives the flow
chart for the proposed approach. In Fig.3, while the Relay
Trip Signal (RTS) reaches 1/2/3 values, the next step is to
open the associated CBs. The program must keep a vector of
associated CBs (Ra11,(ire1).-CB(n)) with each relay and the
total number of CBs to be tripped (Ra211,(irel).C Btotal) based
on the station configuration. For a BAH scheme, a minimum of
2 CBs must be tripped for each relay, and a pilot trip command
must be used to open 2 CBs at the other end of the station.
As soon as the CB timer for associated i*" CB to relay i.e.
T(icp) starts to increment due to relay tripping in any of the
zones, the relay condition Z < Zj,3/3 does not matter. The
CB statuses are updated to open CB as soon as the CB timer
saturates (T'(icg) = top) and RTS is updated to 6. If tripped
in Zonel, CBs are opened for both sides of the line (pilot
protection) otherwise CBs are opened for one side of the line.

This process is repeated for all the distance relays in the
system in a time loop incremented with the simulation time
step. The Circuit Breaker Operation block will remain same
for definite time relays with Ry;;, changed to the respective
relay array. Meanwhile, the Relay Operation block will have
a single zone of operation.

IV. RESULTS

This section shows various scenarios that can be simu-
lated using the proposed framework with relays and CBs in
TSA of power system networks. WECC 3 generator 9 bus
system is employed to validate the results of the proposed
framework with commercial software PSS®E 34. After that,
the proposed framework is applied to the New England 10
generator 39 bus system and the Polish 327 generator 2383
bus system. Fault conditions with the normal operation of
CBs are compared with breaker failure operations after relay
tripping. Since BAH is the most popular configuration used for
transmission substations, each bus in the system is expanded
to a BAH configuration. In simulations, we use a Zone 2

standable the relays that are not operating in fault case are
not shown (transformer differential, under-over frequency for
loads and generators). The neighbor substations are shown as
buses. Bus fault and line fault are created and noteworthy
relays and CB currents are plotted. In all the cases fault
impedance Z; is taken as le-4 pu.

Table VI shows the attributes for distance and load relays
selected in PSS®E. The settings are calculated for these
attributes based on [20] and relays are populated manually
in PSS®E. Only one shed point at a frequency of 59 Hz
is selected for load relays. Since PSS®E does not facilitate
differential relays, the differential relay operation is mimicked
in PSS®E by self clearing fault. PSS®E does not calculate
settings instead it takes them as input. Hence, the settings are
calculated via a separate program and given as input to both
PSS®E and the proposed approach (PA).

Table VII shows the total number of buses, nodes, CBs,
relays and the associated timers to be coordinated for the
test systems considered. In the Y-Bus based approach since
there are no CBs associated with the model, the number
of timers will be the same as the number of relays. It can
be observed from the Table that, due to an increase in the
intermediate nodes, physical buses, and CB elements the
number of timers to be coordinated also increases with system
size significantly in NB models. The proposed algorithms
automatically populate, maintain, and update protective relays,
CBs, and timers in the transient stability simulations.

A. WECC 9 bus system: Bus Fault (Fig. 4)

First, we discuss fault creation with PA. A 3¢ balanced
fault is created at bus B6a at 0.1s. The relay protecting
B6a is Df4 and the associated CBs are C'B21, CB24.
D f4 trips instantaneously. Ds0, Ds3 detect Zone 2 fault. At
0.15s, fault is cleared by opening the CBs CB21, CB24.
Fig. 4b (top) shows the currents for CB21, CB22, CB24
went up during fault duration. After C'B21, C'B24 are open,
the current through them becomes 0, and the current through
CB22 comes to a post-fault value. Now, to create the same
conditions in PSS®E, a bus fault is created at bus 6 with same

TABLE VII: Node-Breaker System Information

System Buses Nodes CBs CB Timers | Distance Distance Differential U/OFLS U/OFLS Relay
Relays Relay Timers Relays Relays Timers

WECC 9Bus 18 48 45 45 18 18 18 6 6

New England 78 218 210 210 68 68 78 29 29

Polish 4766 14302 14304 14304 5452 5452 4766 2245 2245
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Df5

+CB21 ~ CB22+CB24

—+-Df4 + Ds0 PA + Ds0 PSSE - Ds3 PA +Ds3 PSSE

[] 01 02 03 0.4 05 06 07 08 09 1
Time (s)

(b)
Fig. 4: WECC 9 bus system - Bus Fault at Bus 6a (a) Substation
Configuration (b) CB and relay current measurements
fault impedance at 0.1s and removed at 0.15s. Fig. 4b (bottom)
compares currents seen by relays Ds0, Ds3 in PSS®E to those
with the PA. It is observed that the relay currents match to a
high extent.
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Fig. 5: WECC 9 bus system - Line fault at line 5 near station 5 (a)
Station Configuration (b) CB current and relay measurements

B. WECC 9 bus system: Line Fault (Fig. 5)

A 3¢ balanced fault is created at one end of Line 5
near station 5 at 0.1s. Ds8 picks up in Zonel and
Ds9, Ds10 are picked up in Zone?2. Ds8 trips instanta-
neously and sends a pilot trip command to Ds9 opening
CB15, CB16, C B30, CB31 at 0.15s. The currents for CBs
can be seen from Fig. 5 (top). As soon as CBs are opened and
Line 5 is tripped, Ds10 gets reset. Fig. 5 (bottom) shows relay
currents for Ds8, Ds9, Ds10 with the PA as well as PSS®E.

The current seen by Ds8, Ds9 becomes 0 while Ds10 comes
to a post fault value at 0.151s. The similarity in waveforms
of PA and PSS®E from the figures confirms the accuracy of
PA. The time required for 10s of simulation with PSS®E is ~
0.068s and that with PA is ~ 0.27s. The runtime of PSS®E is
less as it solves the network via Y-Bus not considering CBs
whereas PA solves it with Sparse Tableau considering all the
CBs.
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Fig. 6: New England system - Bus fault at bus 18a (a) Station
Configuration (b) Normal operation (c) CB123 stuck

C. New England system: Bus Fault (Fig. 6)

A 3¢ balanced fault is created at bus Bl8a at 0.ls.
The relay protecting B18a is Df34 and the associated
CBs are CBT75, andCB78. Df34 trips instantaneously.
Ds41, Ds42, Ds48 detect Zone?2 fault and Ds46 detects
Zone 3 fault. At 0.15s the CBs associated to D f34 are opened
and B18a is isolated. Ds41, Ds42, Ds46 and Ds48 reset at
0.151s. The system returns back to original. This scenario is
called bus splitting. The CB and relay current waveforms are
shown in Fig. 6b.

With same fault conditions, one of the CBs, say, CB75 gets
stuck while operating. In that case, Ds41, Ds42, Ds48 trip
in Zone2 at 0.368s; The associated CBs in Station 18
iie. CB76, CB77, CB78 are opened at 0.481s tripping
L21, L22, L25. As soon as Line?22 is tripped Ds46 gets
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reset. The stuck breaker caused N — 3 contingency (excluding
Ld6).

L1 Ds20

E. Polish system: Bus Fault (Fig. 8)

A 3¢ balanced fault is created at bus Bba at 0.ls.
The relay protecting Bba is Df8 and the associated
CBs are C'B24, CB27, CB30. Df8 trips instantaneously.
Ds16, Ds18 detect Zone2 fault and Ds681 detects Zone 3
fault. At 0.15s the CBs associated to D f8 are opened and Bba
is isolated. Ds16, Ds18 and Ds681 reset at 0.151s. Fig. 8b
shows the current waveform of CBs and relays for the scenario.
Fig. 8c shows the waveforms when C'B24 gets stuck while
operating. Ds16, Ds18 trip in Zone?2 at 0.368s and open
CB25, CB26 at 0.418s. Hence, the current through C'B24
gets reduced at 0.418s but the fault is still being fed via
T8,T9. Ds681 trips at 0.601s in Zone 3, tripping Line 341
at 0.651s, further reducing current through C'B24. Ds879 trips
in Zone3 at 1.153s, tripping Line 440 at 1.203s. Note that
only CB27, CB30 are opened in Station 5 so the fault is
still getting fed via C'B24 from B6.
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Fig. 7: New England system - Line fault at Line 10 (a) Station
Configuration (b) Normal operation (c) CB136 stuck

D. New England system: Line Fault (Fig. 7)

A 3¢ balanced mid-line fault is created at Line 10 at 0.1s.

Ds18 and Ds19 trip instantaneously in Zone 1 at 0.1s. Ds20
and Ds22 detect Zone?2 faults. The CBs associated with
Ds18 i.e. CB135, CB136 and Ds19 i.e. CB141, CB142
open at 0.15s. This isolates Line 10 from the system and the
power flowing through Line 10 now transfers to Line 11. So
generator current at B9 flows through C'B143 to Line11. At
1.167s, Ds21 detects Zone 2 fault and trips at 1.24s. C'B143
opens at 1.29s isolating Line 11. This isolates Station 29
from the system.
Another case is considered where C'B136 gets stuck while
operating. This makes Ds22 trip in Zone?2 followed by
tripping of Ds21 isolating Station 29. But in this case the
isolation happened much earlier than the normal operation
with an increased contingency. The waveforms and timings
can be seen from Fig. 7c.
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Fig. 8: Polish system - Bus fault at bus 5a (a) Station
Configuration (b) Normal operation (c) CB24 stuck

F. Polish system: Line Fault (Fig. 9)

A 3¢ balanced mid-line fault is created at LinelS8
at 0.1s. Ds34, Ds35 detect faults in Zonel and trip
instantaneously.Ds7, Ds17, Ds28, Ds30, Ds32, Ds36
detect Zone 3 faults. The CBs associated with Ds34, Ds35,
ie. CB49, CB50 and CB165, CB166 open at 0.15s,
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resetting all the other relays. Fig. 9b shows waveforms for
the case.

Fig. 9c shows currents for a case where C'B49 gets stuck.
All the other relays detecting fault in Zone 3 trip at 0.601s,
opening associated CBs in their station at 0.651s. While
all the lines connected to Station 7 are tripped, 1712 still
connects B7a to B322. This is still feeding current to fault
via C' B49.
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Fig. 9: Polish system - Line fault at Line 18 (a) Station
Configuration (b) Normal operation (c) CB49 stuck

From the above result cases it is evident that incorporating
protective relays and CBs in TSA plays an important role in
TSA. The CBs, when mal-operate, can result in a higher level
of contingency than that in normal operations. It can also result
in sustained faults in system which may lead to cascade events.
With proposed framework, it is very convenient to represent
the system in NB model with all the CBs, automatically
place relays for each element and get associated CBs and
trip any element of the system by opening the CBs. This can
further help to perform substation level analyses and cascading
analyses.

The simulation was carried out with a c¢pp code on Intel®
Xeon® Silver 4110 CPU @ 2.10GHz 32GB RAM. Table VIII
shows the break-up of time required for various functions for
each time loop. The symbolic and numeric factorization of

Mgty takes place before the time loop starts or when Mgrw
needs to be refactorized. The other functions in Table VIII are
called in every time loop hence, contribute to the total simula-
tion time. The majority of time is taken for backward/forward
substitution to solve Mgprp X = I. This is due to increased size
of Sparse Tableau i.e. Mgrr. The computational enhancement
of Sparse Tableau is discussed in [22]. However, this paper
does not focus on this. The time taken for relay computations
are also provided. The time taken for a 10s simulation of the
Polish system using the NB model with relays is 98s, whereas,
for the BB model without any relays, it is 19.2s regarding the
same code setup. Although the simulation time with proposed
approach is higher, it provides extreme flexibility for the
operators to analyze the system. Parallelization approaches can
be adopted to reduce the timings of the simulation further.

G. Farallel Processing Capability of Proposed Framework

Multiple cores can be employed to break down the pro-
posed framework methodology to make full use of modern
supercomputers. Since the placement of relays is performed
only once before simulation, parallelization of the same will
not affect much. Still, it could be done by assigning one
type of relay placement to one CPU. The significant time
reduction can be achieved by reducing the time of each loop.
The Protection Devices Module can be decoupled from the
differential and algebraic equations for transient simulation.
Input vector X can be used from the previous time step
to process the Protection Device Module in parallel. The
drawback with this approach would be a lag of one time step
in Protection Module action. However, it can be neglected as
the expected nature of the waveform for TSA will remain the
same, and all the timers will still be synchronized. With this
modification, the extra computation time required for relays
can be removed entirely from the simulation. The simulation
time for New England system can be reduced by half and for
Polish system by 34%. Also, parallel methods can be explored
to reduce the forward/backward substitution, as it is the most
time consuming part of the time loop.

TABLE VIII: Simulation Time (in ms)

Function 39 Bus | 2383 Bus
Symbolic factorization 04 71.15
Numeric factorization 0.6 36.157
Forward/Backward substitution | 0.17208 6.531
Differential relays computation 0.035 0.32
 Distance relays computation | 0.1428 | 194
 Frequency relays computation | 0.00428 | 0.0595
| Total time for relays | 0182 | 23195
Differential Equation solver 0.0102 0.11712
States update 0.0013 0.0102
Total time (10s) 1.16s 98s
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V. CONCLUSION

This paper provides a simulation framework to include
protective relays and CBs in transient stability assessment. The
Sparse Tableau Approach is used to represent the system in
Node-Breaker model. Algorithms are derived for automatic
placement of differential, distance and under/over-frequency
relays in the system and CBs associated to them. The timer
logic implemented for coordinating different zone timers of
distance relay and CB timer is provided. The proposed frame-
work is validated by comparing WECC 9 bus system results
with commercial software PSS®E 34. Implementation on the
New England 39 Bus system and the Polish 2383 Bus system
is performed and scalability of the approach is discussed. The
substation diagrams resulting from the proposed algorithms
show the ease of implementation. Bus faults and line faults
were created to check relay and CB operations. Each fault case
with normal operation of relays and CBs is compared with the
breaker failure operation. From the results it can be observed
that CB maloperation can result in higher contingency as well
as sustained faults in the system which can not be visualized
with the Bus-Branch model of systems.
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